W-Shaped
Auditory Threshold Curves of Masu Salmon
Oncorhynchus masou
Takahito Kojima,*1 Tetsuya Shimamura ,*1 Kazumasa Yoza,*1 Naoto Okumoto,*2,4 Yoshimi Hatakeyama ,*3 and Hideo Soeda*1 (Received March 2, 1992) We made experiments to measure the auditory threshold of masu salmon Oncorhynchus mason using conditioning with electric shock, and also to determine the resonance frequency of masu salmon and rainbow trout Oncorhynchus mykiss swim bladders . Then we examined the role of the swim bladder as a sound pressure amplifier and transducer .
The auditory threshold curve for masu salmon was W-shaped , with higher thresholds at 300 and 500 Hz in the range of 100-700 Hz. Masu salmon were less sensitive to sounds of 300-500 Hz than to adjacent frequencies.
Swim bladders of rainbow trout fully vibrated in the range 300 -600 Hz, with resonance frequencies around 400 Hz . On the other hand, masu salmon's resonance frequencies were not evident.
Therefore, the auditory thresholds of masu salmon at 300-500 Hz were high because the swim bladders did not vibrate or transduce the sound to the inner ear at that range. It was assumed that the hearing capabilities were influenced by the characteristics of the swim bladder vibration.
It is known that fish hear a wide frequency range of sound using both the lateral line and the inner ear,1) and that the swim bladder is important as an acoustic pressure transducer to the inner ear.2) Generally, salmonid fish are reported to have poor hearing ability because the swim bladder plays no part in the hearing. 3) However, in earlier studies the swim bladder of salmonid fish were not fully inflated.
We measured the auditory threshold of masu salmon Oncorhynchus masou using classical conditioning in which electric shock was employed to change cardiac rhythm after a sound impulse.
We also, determined the resonance frequency of masu salmon and rainbow trout Oncorhynchus mykiss swim bladders and examined the role of the swim bladder as a sound pressure amplifier and transducer. Before each experiment, a fish was anesthetized with MS-222 diluted to one part in 25,000. After the anesthetic effect was confirmed electrodes (a pair of vinyl coated wires partially peeled to improve electrical conduction) were inserted into the ventral musculture near the heart. After the insertion of the electrodes, the fish was rested in running water for 2 hours or more to allow it to recover from the anesthetic.
The experimental fish was set in a plastic net cage at the center of the tank. The electrocardiogram (ECG) was recorded with an electrocardiograph (Fukuda Denshi Co., Type MIC 680) and heart beat intervals were measured. 
Results

Auditory Thresholds
The efficiency of sound propagation through water and the wall of tank varied with the frequency. The spectral analysis of the signal sounds, adjusted to 130 dB at the center of the water tank, was completed for 8 tests (in the frequency range 50-1500 Hz) (Fig. 3) . In every case, the 50 Hz component surpassed other frequencies because of the background ("hum") noise. It was a large component of the sound energy in each test, except the 50, 100 and 200 Hz tests. However, because each signal sound surpassed the other frequency components, the fish was considered to sense the signal sound. The auditory threshold curve for masu salmon was W-shaped (Fig. 4) . At 100 Hz and 700 Hz, the measured thresholds were scattered, and at other frequencies, the variation was relatively small. The solid line connecting the mean values showed the responses to sounds in the 100-700 Hz range. The thresholds at 300 Hz and 500 Hz were higher than at adjacent frequencies. Sound propagation at 300 and 500 Hz was no less effective than at 200 and 700 Hz (Fig. 3 ). around 700 Hz. Because of weak swim bladder vibration at 200 Hz, masu salmon hear sound at 200 Hz and lower frequencies through the lateral line. Therefore, the range of 200-300 Hz seems to be a boundary range of proper use between the lateral line and the inner ear to hear wide frequency ranges. Furthermore, the threshold value at 200 Hz is lower (more sensitive) than that at 700 Hz, thus the auditory capability of the lateral line appears to be more sensitive than the inner ear. From these results, it is assumed that the sensitive frequency range varies depending on the swimming depths, especially for fish in which buoyancy is regulated by swim bladder inflation. It is significant, therefore, to use mixed or pure tones which cover a wide frequency range in Marine Ranching in which fish schools in a large water body are controlled by sound.
